Chapter 1: Introduction
At no point in our history has humanity been able to make as large of an impact on our environment as we can now. Before the industrial revolution, the average atmospheric carbon dioxide (CO2) level was at 250 ppm and has risen to 379 ppm in 2005. 1 Eleven of the last 12 years have been the warmest on record. 2 There are too many studies out there that all same the same thing. We can not ignore this and we have to start doing something.
Buildings consume more than 39% of the primary energy production and account for 39% of the United States carbon dioxide (CO2) emissions. Since they consume such a large percentage of our energy use, even small improvements can amount to significant impact. Reducing building energy by 30% (which is very attainable) would eliminate 670 million metric tons of CO2 emissions. This would equate to an 11% decrease in the total US CO2 emissions 3 There are many existing technologies available that will reduce building energy consumption. Many require little or no up front cost and most will cost less over a 20
year life span. This report analyzes the energy consumption and economic viability of five existing heating, ventilating, and air-conditioning (HVAC) technologies widely used:
Variable Air Volume (VAV) RTU, Demand Controlled Ventilation (DCV), and Natural Daylighting.
Each system will be modeled in two different building types. The first being a standard 100 ft by 100 ft office building with a flat roof. The second building type will be two long narrow buildings with the orientation and glazing optimized to maximize daylighting.
All system models will be modeled using TRACE 700 building load and energy analysis software.
Chapter 2: Literature Review
In the past 10 years there has been a lot of talk about green buildings and energy efficiency. The latest news has been on "Net Zero Energy Buildings". According to National Renewable Energy Laboratory, the key to achieving net zero energy use is to lower building energy consumption by as much as possible before supplying the rest with onsite energy generation. By using this approach, 62% of the existing building stock could achieve net zero energy use by using existing building technologies and roof mounted solar panels to generate the rest of the building's energy needs. 4 In a report by the National Science and Technology Council, the energy and green house gas footprint of a building can be reduced by 30 -50% using known technologies for energy efficiency. Approaches were to increase building envelope insulation value, reduce infiltration, increasing HVAC efficiency, on site energy production and storage, and incorporating passive solar heat, daylighting, and natural ventilation in to the building design. 5 Natural daylighting it self has a large potential to reduce building energy consumption. Lighting in commercial buildings directly consumed about 26% of building energy on 2006. 6 If lighting energy were to be reduced, there would be a lot of synergies to reduce HVAC energy usage also. enhance the comfort and performance of workers in addition to cutting operating cost.
Many of the same measures that improve a building's energy efficiency also make it a more comfortable place to work. Workers will benefit from the use of daylighting, better temperature control, ventilation and indoor air quality. 7 7 "Building Technologies Program -Commercial Buildings." Energy Efficiency and Renewable Energy. (US Department of Energy, 2009) <http://www1.eere.energy.gov/buildings/commercial/offices.html>.
Chapter 3: Computer Model Description
The building energy modeling was done using the TRACE 700 software developed by the Trane Company. TRACE 700 has been tested to be in compliance with ANSI/ASHRAE Standard 140-2004, Section G2.2 for Performance Rating Method in Appendix G of ASHRAE Standard 90.1-2004, and approved by the IRS for energysavings certification (EPAct). 8
Building Models
Two building models were created for this study. For all models the thermal properties of all the construction materials meet the minimum requirements given in ASHREA 90.1-2004, unless otherwise specified. The building construction properties can be found in Appendix A "TRACE Inputs."
Two different building types were modeled. The first model is a standard one story office building, typical of what you would see in many cities across America. It is 100 ft by 100 ft with a flat roof. The exterior walls are 15 ft tall with a 5 ft ribbon of glass around the perimeter. The building was modeled with an acoustical ceiling mounted at 10 ft with a 5 ft plenum that serves as a return air path. The building was modeled with five different thermal zones: four 15 ft perimeter zones for each orientation and one 70 ft x 70 ft interior zone. This building model was used to model the different HVAC systems. The IAMU building is a combination of two different buildings with a south facing lean-to design to maximize daylight penetration into the building. Both buildings are 100 ft by 50 ft giving a total of 10,000 ft2 leasable space. The north facing wall is 11.5 ft tall and has a 4 ft strip of glazing. The south facing wall is 18.5 ft tall and has a low level strip of glazing 3.5 ft tall to daylight the south perimeter zone and a high level strip of glazing 2.5 ft tall to daylight the interior zone. There is no glazing on the east and west facing walls. Because this model was used to model the energy benefits of Natural Daylighting, the glazing for this model was changed from the code minimum requirements to a Clear Low-e glazing to increase the daylighting effectiveness. Each building was modeled with 3 thermal zones, one 15 ft x 100 ft south perimeter zone, one 15 ft x 100 ft north perimeter zone, and one 20 ft x 100 ft interior zone. For both buildings the occupancy hours were arranged around a five-day work week from 8:00 am to 5:00 pm. The schedules for People, Lights, and Miscellaneous loads can be found in Appendix A, "TRACE Inputs." All models were simulated using the TMY3 weather data available for download at the National Renewable Energy Laboratory.
HVAC System Models
For all system types the energy load factors meet the minimum requirements given in ASHRAE 90.1-2004, unless otherwise specified. The full-load energy values of the equipment can be found in Appendix A "TRACE Inputs."
Single Zone Roof Top Air-conditioning Unit:
Packaged air cooled air conditioning units with electric resistance heat were modeled for each zone. Electric resistance heat was used in this model because the utility rates in Iowa favor this. There is one RTU for each thermal zone.
The RTU supply fan runs continuously when the building is occupied and cycles on and off with the cooling/heating demand when the building is unoccupied. When zone temperature rises above 75°F the RTU compressor runs and rejects heat though an air cooled condenser until the zone drops below 75°F. When zone temperature falls below 70°F the electric heating coil runs until the zone rises above 70°F. The outdoor air section of the RTU was modeled with a dry-bulb economizer to mix outdoor air with return air for free cooling when the out side air temperature is below 55°F. The RTU compressors are off in economizer mode.
The supply fan, compressors, condenser fan, electric heating coil, and misc accessories were all modeled separately.
Ground Source Heat Pump:
Packaged water cooled heat pumps with a ground water storage loop for a heat sink were modeled for each zone. In cooling mode the compressor runs and pulls heat from the zone and rejects it into the ground loop. In heating mode the refrigerant reversing valve switches and the compressor pulls heat from the ground water loop and rejects it into the space. The ground loop was oversized to keep the loop water temperature below 80°F eliminating the need for a cooling tower. Each GSHP was modeled with an electric heating coil that would run when the ground loop temperature fell below 40°F. There is one GSHP for each thermal zone.
The GSHP supply fan runs continuously when the building is occupied and cycles on and off with the cooling/heating demand when the building is unoccupied. When zone temperature rises above 75°F the GSHP compressor runs and rejects heat to the ground water storage loop until the zone drops below 75°F. When zone temperature falls below 70°F the compressor runs and rejects heat in to the zone until the zone rises above 70°F. If the ground loop temperature falls below 40°F the compressor shuts off and the electric heater on the discharge of the GSHP runs. The ground water loop pump runs continuously at a constant speed.
The supply fan, compressors, electric heating coil, ground water loop pump and misc accessories were all modeled separately.
A packaged air cooled air conditioning unit with a variable speed supply fan was modeled to supply cooling air to variable air volume terminal units. The VAV RTU stages its compressors on and off to maintain a constant 55°F discharge air temperature.
A variable frequency drive varies the supply fan speed to match the cooling load in the building. The outdoor air section of the RTU was modeled with a dry-bulb economizer to mix outdoor air with return air for free cooling when the out side air temperature is below 55°F. The RTU compressors are off in economizer mode.
A parallel fan powered terminal unit at each zone varies the supply air to maintain the zone at 75°F. There is a minimum air flow of 30% for ventilation air. If the space temperature falls below 70°F a supply fan and electric heating coil in the terminal unit cycle on. Plenum air is mixed with the minimum primary air and heated to 100°F. The terminal unit supply fan and electric coil run until the zone temperature rises above 70°F.
Demand Controlled Ventilation:
The ventilation was scheduled to match the occupancy schedule in the building to mimic the action of a carbon dioxide sensor in the return air duct of the air handling units.
The amount of out side air from the air handling unit was modulated to provide 20 cubic feet per minute (CFM) of out side air per person.
In practice the CO2 sensor would be set at 700 ppm to ensure that the air being supplied to each zone is below the levels recommended in ASHRAE 62.4-2004. While this system does not meet the requirements of ASHRAE 62.4-2004, it is a generally accepted way to modulate the ventilation air to match building occupancy. An HVAC system without DCV would leave the outside air damper minimum position constant at the ventilation rate for maximum building occupancy. This would force the HVAC system to heat and cool the outside air when the building has a low occupancy or is unoccupied.
Natural Daylighting:
Continuously dimmable ballasts on florescent lights were modeled for six lighting zones in the IAMU building model. A photo sensor located in the center of the lighting zone at the ceiling measures the lighting level of a point located directly below and 2.5 feet above the finished floor. The program calculates the lighting level and modulates the lighting power to maintain a constant 50 foot candle at the reference point. The light output is directly proportional to the energy input to the light fixture. TRACE 700 uses the same calculation algorithm as DOE-2
Energy Models
Eight different energy models were built to analyze the effects of different design features on the building performance. Table 3 .3.1 lists the design features analyzed. 
Economic Models
In addition to the energy models done on the buildings, economic models were created to provide another reference on the buildings performance. In the eyes of a building owner this is one of the most important factors for them to make a decision.
The building fabric construction, mechanical installation, electrical installation, and yearly maintenance costs were estimated by a couple Des Moines area contractors and are with in plus or minus 10% of actual costs. See Appendix B for the budget quotes.
The yearly utilities were calculated using the Mid American Energy "General Service, Electric Heat, Demand Metered -GHS" electrical rate. The rate structure can also be found in Appendix A.
To realize the full benefits of the energy efficiency of the models the maintenance and utility costs were summed up over a 20 year period. Equations 1 and 2 below were used to adjust for inflation and cost of capital. Cost of capital is the factor that all future cash flows are discounted by to bring them back to present day dollars. Inflation was set at 3% for utility rates and maintenance costs. Cost of capital was set at 10%. The standard office building with single zone roof top air-conditioning units uses 460,036 kBtu per year. It will be used as the base building to compare all energy saving features to. By adding CO2 sensors and matching the ventilation airflow to the actual building occupancy the building energy usage dropped 11% below the base. The addition of a variable speed supply fan dropped the energy usage to 16% below the base building. As expected the GSHP system with DCV had the lowest energy usage for the standard office building. It used 34% less energy than the base building.
constant energy user is the lights. By reconfiguring the building layout to maximize the daylighting in the building and adding a control system to dim the office lights to maintain an average lighting level of 50 foot candles, the building energy usage is significantly reduced. The single zone RTU model used 15% less energy. Adding CO2 sensors reduced the energy usage to 29% below the base. The VAV system used 38% less energy and the GSHP system used 45% less energy than the base building.
Life Cycle Cost
A cost of ownership analysis was preformed on all the building models to compare long term cost of ownership of each building model. The cost analysis includes the building construction (general, HVAC, and electrical), utility and yearly maintenance.
The building construction costs for each model are shown in figure 4.2.1. The first year utility costs for each model are shown in Figure 4 .2.2. As expected the trends mimic the building energy usage. They also have an exact opposite trend to the building construction costs. years was used because it is the average life expectancy of the major HVAC equipment and is the time when the building would most likely need to be remodeled. Around year eight the more expensive buildings to construct become cheaper to own. The winner is the standard office building with the VAV roof top air conditioning unit followed closely by the IAMU VAV system with daylighting controls. Another way to look at the cost of ownership is convert all future payments back to today's value by calculating the cost of capital. It can be thought of as the value of money you would need today to cover all the future cost of ownership. This analysis applies a 10% cost discount for each year in the future the payment is made. Figure 4.2.3 shows the present day value of the cost of ownership. This analysis put larger emphasis on first cost and depreciating value on future costs. Because of this, the buildings with daylighting and ground source heat pumps cost more to own even though they have lower energy usages. The clear winner with this analysis is the standard office building with VAV rooftop air conditioning. It benefits from an optimal balance between first costs and annual energy, maintenance and repair costs.
Both Simple Payback and Present Day Value analysis are often used to help a building owner decided which system is the best value for there dollar. The problem with both of these analyses is they assume the building owner has an unlimited amount of money to pay for upgrades to the base system. A better analysis is a Simple Financed Payback analysis. This analysis assumes the building owner has a fixed amount of money that they can spend on their new building. Any system upgrade would then need to be financed and paid for by the reduced energy, maintenance and repair costs. all of the upgrades could be paid off. This analysis shows that all buildings could be built with the same first cost.
Chapter 5: Conclusions and Recommendations
There are many factors that a building owner will have to look at to determine which type of building he should build. In the past first cost and architectural look have been the dominating factors in building choice. As the costs of energy continue to rise building owners will need to put more emphasis on energy efficiency and occupant comfort while keeping with in their budget.
There are a lot of synergies with building an energy efficient building. Energy efficient buildings usually have better indoor air quality, occupant comfort and are easier to maintain (as seen in Appendix B "Budget Quotes"). Good indoor air quality leads to less employee sick leave. High occupant comfort leads to improved worker performance.
These combined with low maintenance cost will lower the long term cost of ownership of a high performing building.
The key to designing an energy efficient building is integrated design. The architect, design engineers and contractors need to be involved in all the steps of the construction process. By optimizing only the HVAC system we were able to increase the standard office building efficiency to 34% over the base building. When the building layout was optimized with the HVAC system and lighting design the IAMU building was able to increase its efficiency to 45% over the base system.
Each efficiency upgrade over the base system increased the building initial construction costs. When the reduced utility and maintenance cost were analyzed over a 20 year period, the long term cost of ownership was lower for the high performing buildings. 
